This article examines the use of a weighting scheme with a multi-attribute decision-making (MADM) process to improve the CARVER center of gravity analysis that is currently used by Special Operations Forces. We employ Saaty's Analytical Hierarchy Process (AHP) pairwise comparison method to obtain initial decision maker weights for the decision-making process as an example for a generalizable mission. Firstly, we show the standard current CARVER method, as outlined in FM 34-36. Next, we apply several MADM methods using our suggested AHP weighting scheme to obtain the rankings of the alternatives. We compare the results and provide sensitivity analysis to examine the robustness of each MADM analysis. We conclude that any decision methodology for CARVER that includes a weighting scheme by each decision maker is better than not using any weighting scheme.
Introduction
The CARVER (Criticality, Availability, Recuperability, Vulnerability, Effect, and Recognizability) method is the prevailing Special Forces targeting framework related to center of gravity (COG) analysis. COG analysis attempts to evaluate the sources of power within enemy or friendly forces and is documented in FM 34-36: Special Operations Forces Intelligence and Electronic Warfare Operations. 1 Once a mission is established, analysis seeks to identify the critical capabilities (CC) associated with that power, as well as the subordinate requirements (CR) and vulnerabilities (CV). This process is depicted in Figure 1 .
The United States Special Operations Forces (SOF) developed the CARVER matrix during the Vietnam War as a tool to identify and prioritize specific targets for commanders to efficiently employ attack resources. 2 CARVER is a simple, uniform, and somewhat quantifiable means of selecting targets for possible interdiction. CARVER is a methodology used by planners during step three (course of action development) of the military decision-making process and can be used in either an offensive (what to attack) or defensive (what to protect) perspective. [1] [2] [3] [4] [5] CARVER fits into the targeting framework by attempting to prioritize enemy critical vulnerabilities for targeting based on six criteria: criticality, accessibility, recuperability, vulnerability, effect, and recognizability. ARDP 3-05 describes CARVER as ''a SOF methodology used to prioritize targets,'' as part of a threat COG analysis. 2 The army intelligence manual for special operations also illustrates the CARVER methodology. 4 From an analyst's perspective, one disadvantage is the basic assumption that all elements in CARVER are equally weighted by the commander or planner.
1 Figure 2 illustrates a typical CARVER matrix. Our assertion is that in most targeting missions these criterion elements are not in fact, equal. If they are not equal, then planners should assign weights according to the commander's guidance or mission guidance from the commander.
Weighting schemes are prevalent within the literature and many are too complicated. 6 Targeting missions are time sensitive and many weighting schemes are bulky, and the use of probabilities that are not timely might not capture the commander's intent. A weighting scheme, as described by Saaty, 7 is fast and provides results of a pairwise comparison on all the elements of the criteria.
By employing the multi-attribute decision-making (MADM) process of the Analytical Hierarchy Process (AHP), military decision makers can use Saaty's pairwise comparison to provide weights based upon the context of the situation.
Multi-attribute decision making
MADM is a structured process to rank order alternatives based upon a set of criteria and criteria weights. In our research, we find the pairwise comparison method of Saaty 7 to be one of the most frequent methods used to obtain weights. [8] [9] [10] [11] [12] [13] [14] [15] Modeling has been shown to be used in many decision sciences analysis, so we model using MADM methods. 16 In addition, several Army documents support the use of MADM.
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Analytical Hierarchy Process decision weighting method
The AHP is a multi-objective or multi-criteria decision analysis tool proposed by Thomas Saaty. 19 We discuss only the method to obtain the decision maker's weights. We provide steps to use in the process to obtain the initial weights using this method.
Step 1. Brainstorm the problem and then list all the criteria that affect the alternatives.
Step 2. Prioritize these criteria. We have used basic group voting techniques in the past to prioritize criteria.
Step 3. List the criteria in priority order so that we can obtain an upper triangular matrix of integers. The comparison of a criterion to itself is given a value of 1, and these align along the main diagonal.
Step 4. Use Saaty's nine-point scheme, provided in Table 1 , to compare in a pairwise fashion each criteria and in turn the remaining criteria. For example, in our matrix above we would compare C1 to C2 and C3 then C2 to C3.
Our matrix could look like the example below:
Step 5. The lower triangle values of our matrix are the reciprocals. This completes the pairwise comparison matrix.
Step 6. We normalize the matrix by dividing each element by the sum of the columns and find the eigenvector of the largest eigenvalue.
Step 7. We compute the consistency ratio, CR; according to Saaty, 19 this value must be less than 0.1 to insure consistency of the relationships among the criteria. If the value is greater than 0.1 then values in the pairwise matrix violate the transitive property. The eigenvector is found by using either the power method or the discrete dynamical system method. 20, 21 The analysis presented in this paper used the discrete dynamical system method: One requirement in the process is ensuring that the pairwise matrix is consistent according to Saaty's scheme to compute the consistency ratio, CR. The value of CR must be less than or equal to 0.1 to be considered consistent. Saaty's computed random index, RI, for random matrices for up to 10 criteria is shown in Table 2 .
The approximation of the largest eigenvalue, l, in Equation (1) is carried out using the power method. 20 We compute the consistency index, CI, using Equation (1):
We compute CR using the following:
If CR < 0.1, then our pairwise comparison matrix is consistent and we may continue the AHP. If not, we must go back to our pairwise comparison and fix the inconsistencies until the CR < 0.1. In general, the consistency ensures that if A > B, B > C, that A > C for all A, B, and C, all of which can be criteria or alternatives related by pairwise comparisons. The CR in our example is 0.0037, which is less than 0.1. Therefore, we can conclude that our weights are consistent with our subjective judgments and comparisons. We point 
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out to the reader that there is no requirement to get a CR value that is closer to zero. A CR result of less than 0.1 implies consistency and we can continue the MADM process.
We state simply that in order to perform AHP we need an objective or decision to reach and a set of alternatives, each with criteria (attributes) that can be compared. This can be viewed in Figure 3 . We concentrate on the criteria for this weighting process. The process of building the hierarchy may provide additional insights.
Sensitivity analysis
Since the pairwise comparisons used in the AHP are based upon subjective inputs using the nine-point scale, then sensitivity analysis is extremely important. In our previous work we found that the method of proportionally for changing the weights is both fast and efficient. We have adopted this method, shown in Equation (2):
where w j ' is the new weight, w p is the original weight of the criterion to be adjusted, and w p ' is the value after the criterion was adjusted. 22 
Applying the process
We developed a series of MADM templates in both MS Excel and Maple to assist in the process. The criteria should be entered in priority order from highest priority to lowest priority, with the priority order coming from the commander or decision maker. The MADM templates will automatically enter these criteria into the pairwise comparison worksheet. Once we have found the decision maker weights, we will then take our CARVER example data and apply MADM procedures to rank order the alternatives and compare the results.
CARVER 2.0
This section involves our modification of the CARVER approach discussed earlier in this paper. Our example will use the data displayed in Table 3 . Strengths include the following:
1. the easy to read chart for CARVER provides semiobjective decision-making criteria based upon vulnerability analysis; 2. the methodology does not require understanding of mathematics beyond arithmetic, and can be executed quickly without technology.
Weaknesses include the following: 1. the normalized scale does not account for variation in mission requirements; 2. the equivalent total scores may be difficult to prioritize objectively.
The current CARVER methodology has gaps in its ability to prioritize across the domain of criteria. Our approach closes these gaps through the ability of a commander to weigh the criteria through a pairwise comparison method.
In Table 3 , we see the summed total of the rows that are used to rank order the alternative targets. These are bulk petroleum (25) , water supply (24 tie), bulk electric (24 tie), road networks (21), rail networks (18 tie), communications systems (18 tie), air transport (10), and port and waterways (8) . The assumption in this method is that all CARVER criteria are equally weighted.
Let us consider two possible examples with a commander's intent. In either example below, we would expect the weights for each of the criteria to not be equal. Again, we point out that we are not attempting to obtain a general set of useful weights. Our goal is a timely methodology that a command can employ to obtain criteria weights based upon the mission.
Example 1: in the event that long-term effects are not an important factor for mission success, water supply and road networks should be the higher priority.
Example 2: although water supply and rail transport have shared values, these systems vary significantly across individual CARVER metrics and therefore should not be viewed as equally desirable or undesirable as targets.
New paradigm
The existing CARVER method gives all decision criteria equal weights, as displayed in Table 3 . Now let us assume we utilize the concept to the AHP decision weighting method and applied the weighted values derived from pairwise comparisons of criteria scaled against the commander's intent and environmental variables. We can apply our six-step method to compute the weights and insure the weights are consistent. These priorities and nine-point values are displayed in Figure 4 . When individual CARVER values are weighted against environmental variables and mission objectives, the commander can shape the importance of criteria based on his priorities and to make a more informed decision. A commander can emphasize certain criteria based on priorities, that is, criticality over accessibility or vulnerability. A commander may de-emphasize criteria that are not as pertinent due to capabilities, that is, recognizability less than recuperability.
The weighting criteria will be context dependent, based on the capabilities available to the commander. For example, if B52s are available then vulnerability may not matter as much as recuperability. For a 12-man Special Forces Operational Detachment-A (ODA) with little air support, vulnerability becomes a greater factor due to resource limitations. For operations where the effects of targeting are advantageous for a limited period of time, such that the maneuvering force achieves their mission objectives, the infrastructure of the critical capability becomes the burden of the occupying force. For instance, attacking a water supply with long-term effects during a joint forced entry may prove problematic after the terrain is seized.
Multi-attribute decision-making methodology proposed
We used the sample data from ADRP 3-05 for all value computations previously displayed in Table 3 . In our examples we use only the values under CARVER and not their summed totals. We used the weights obtained from our six-step method in all the MADM methods presented in this research. The normal analysis improves adherence to emphasis in doctrine by weighting the criticality of the target, the effect one is trying to achieve by eliminating the target, and the time the enemy would require to recoup the capability as the primary measures of analysis for critical vulnerabilities.
Another commander, in a resource constrained environment, may not consider doctrinal principles over the potential loss of life as a consequence of striking hard targets. The commander may decide that vulnerability and accessibility of the target, as well as easy recognition of the target, are more important than criticality and effect. Commanders may need to weigh loss of life in certain contexts, particularly in a resource constrained environment when preservation of the force for follow on missions is essential.
Our results from using MADM are compared and contrasted to the standard CARVER matrix, where outcomes are all equally weighted. So, the summed totals from Table 3 each divided by 6 give the same rankings. Bulk petroleum is ranked first followed by a tie of water supply and bulk electric power for second.
We employ different MADM methods and use each after obtaining the AHP criteria weight scheme as we have suggested. These methods are Simple Additive Weights (SAW), AHP, and Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS).
Firstly, let us obtain decision maker weights for the six criteria in CARVER using the AHP. We show a screenshot of our Excel template in Figure 5 that can be made available to readers. The user should list the criteria in priority order. Then, using Saaty's nine-point scale, we complete an initial pairwise comparison of the criteria. Figure 6 represents the pairwise decision values for the criteria in CARVER based upon our commander's and his/ her staff's expertise. We used our Defense Analysis students as the commanders and staff in order to obtain these initial values in comparison. We assumed a commander might portray these weights using doctrinal guidance or may base these weights upon the mission outcomes desired. We provide the calculation of the consistency ratio, CR, as well as the final decision maker weights for our example. We found our consistency ratio to be 0.0068, which says that our pairwise matrix is consistent.
We find our criteria weights and they are given as follows based upon our priority of the six prioritized criteria:
Once we have the weights, the choice of MADM technique is optional. The three we show, SAW, AHP, and TOPSIS, provide similar results. 
The Simple Additive Weights method
Our suggestion for this method includes the following: obtain and normalize the data; multiply each data element by its corresponding weight; then adding the values across the rows (which represent the alternatives). We rank order these alternatives based upon their summed values. We use our weights shown above and the data from Table 3 .
The SAW rankings are bulk electric power, bulk petroleum, rail transport, water supply, communications system, road networks, air transport, and ports & waterways. With SAW we can also perform sensitivity analysis using Equation (1) . The purpose of sensitivity analysis is to find out how the ranking changes subject to changes in the commander's weights. We show some of our sensitivity analysis results in Figure 7 , as we changed the highest weight incrementally until it was no longer the highest weight. We see in Figure 7 that the top three remain unchanged with these weight changes. If appropriate, we recommend continuing to find any break point in the decision weights. With the criteria of criticality, we find no change in its decision weight causes bulk electric power not to be the top alternative.
The Analytical Hierarchy Process method
We will initially use the same decision weights found above and the raw data from Table 3 , insuring we have reorganized the columns to correspond with the weights. We also normalize the raw data and then perform matrix multiplication of the two matrices to obtain the ranking. One added benefit of this method is that the sum of the final values used for ranking will sum to one. The final ranking of the alternative as targets are shown and differ again from the equally weighted ranking for our basic CARVER approach but match closely to the SAW approach. The top four in order are bulk electric power, bulk petroleum, rail transport, and water supply. These top three are consistent with the SAW method.
We apply sensitivity analysis to these results using Equation (2) to modify the weights using the AHP. We see from Figure 8 that the effects resulting from the changes in the criteria weights are an altering of the target rankings. A commander should be made aware of the fact that changes in criteria weights alter the rankings of the targets,
Technique for Order of Preference by Similarity to Ideal Solution
Finally, we apply TOPSIS to find the rankings. The methodology for TOPSIS can be found in other literature and we will not list the TOPSIS steps here. 11 Again, we use the same criteria weights and raw data as before. We note that the normalization process here is a little different, since it uses the square root of the sum of the squares of the data within the TOPSIS process.
11
These correspond to bulk electric power, rail systems, bulk petroleum, water supply, communication systems, road networks, air transport, and ports & water ways. We note that the ranking are different from the previous two methods, although bulk electic power appears to be ranked first in every method using criteria weights and differs from the original CARVER matrix results. We applied sensivity analysis to our results. The results in Figure 9 show the effects of varying the criteria weight value for the criteria criticality. We see water supply gaining value and moving toward the number one position.
Summary of methods and conclusions
We put these MADM models together in Table 4 to compare and see the differences.
Examining Table 4 , we can clearly see that the target selection changed between the standard CARVER matrix and the MADM assessments when we used the commander's pairwise comparison to find criteria weights consistent with their mission guidance.
In this paper, we applied the pairwise comparison weighting scheme developed by Saaty. We then tried three different MADM methods with the data from the CARVER matrix. The fact that the rankings from the MADM methods produced different results from the standard CARVER approach demonstrates to the authors the value of using a weighting scheme during the targeting process. The integrated approach may provide a potential improvement in prioritization capability by adding the capability of weighting criteria. Both are improvements to the current method, which will aid in the implementation of both current and future doctrines. Currently, we are working on a target model of the Joint Staff that uses our weighted CARVER approach in analyzing the overall targeting process. To produce meaningful improvement over the doctrinal CARVER model, users of CARVER need to accurately reflect the commander priorities, as well as the capabilities/resources available to forces on the ground. This is critical in obtaining the best targeting selection based upon useful and consistent weights.
Greater stratification between weighting criteria produced more significant differences in the results. Less stratified weights generate results closer to the equal weighting of the CARVER matrix, and are less likely to result in a different course of action. These results are unsurprising but point to the variable impact of augmenting CARVER methods with both a weighting scheme and a MADM methodology. It is important to note that as long as a commander's priorities are accurately reflected during the process, we feel we can only improve the quality of the resultant recommendations.
The methods illustrated produce the most dramatic changes in course of action recommendations when the values generated by the analyst on each target are laterally the opposite of the CARVER matrix. This would be the case if the CAR for one target is valued at 5 and the VER at 1, and the next target CAR is valued at 1 and the VER is valued at 5. In this case, both targets would recommend equal CARVER prioritization where the MADM may provide a different set of results based on the decision maker criteria weighting. In other related work, the versatility of CARVER is shown in its applicability to decision making for both tactical decision making and management decisions by commanders. 
